Nanoantennas for light enhance light-matter interaction at the nanoscale making them useful in optical communication, sensing, and spectroscopy. So far nanoantenna engineering has been largely based on rules derived from the radio frequency domain which neglect the inertia of free metal electrons at optical frequencies causing phenomena such as complete field penetration, ohmic losses and plasmon resonances. Here we introduce a general and scalable evolutionary algorithm that accounts for topological constrains of the fabrication method and therefore yields unexpected nanoantenna designs exhibiting strong light localization and enhancement which can directly be "printed" by focused-ion beam milling. The fitness ranking in a hierarchy of such antennas is validated experimentally by two-photon photoluminescence. Analysis of the best antennas' operation principle shows that it deviates fundamentally from that of classical radio wave-inspired designs.
The reception of radio frequency signals using antenna structures is based on the detection of electron oscillations in metal bodies, e.g. wires, driven by external time-dependent electric fields. Vice versa, accelerated electrons in metal bodies can cause very efficient emission of electromagnetic waves [1] . Similar ideas can be applied to realize antennas for light [2, 3] , although for such very high frequencies many established concepts of antenna theory need to be adapted. For example the occurrence of plasmon resonances [4] and volume currents [5] have to be considered, and new phenomena become important, e.g. the kinetic inductance [6] and Ohmic loss [7] . To rescue the concepts of radio frequency antenna technology into the optical realm the principle of effective wavelength scaling was introduced [8] and applied to e.g. Yagi-Uda antennas [9] . However, this approach does not always lead to the best possible antenna performance and, as we have shown before, unexpected designs found by evolutionary optimization can perform much better [10] .
So far, evolutionary optimization has been applied to plasmonic systems that searched a limited parameter space, e.g. arrays of scattering discs [11, 12] as well as specifically shaped single particles [13] . Here, we show how to perform evolutionary optimization of plasmonic geometries in a by far larger parameter space while taking into account topological constrains of the fabrication method. This is achieved by using smallest primitive elements ("pixels") and a set of rules that take into account the topology of pixel arrangements to incorporate characteristics of the focused-ion-beam milling process. This approach guarantees that every structure that is obtained during evolutionary optimization can be readily fabricated in full detail by focused ion beam (FIB) milling of a thin layer of monocrystalline gold. This allows us to experimentally investigate a hierarchy of antenna structures obtained by genetic optimization and validate their relative performance experimentally using two-photon photoluminescence. A detailed analysis of finite-difference-time-domain simulations reveals an unique operation principle of the fittest antenna.
RESULTS

Evolutionary Algorithm
An evolutionary algorithm (EA) is an iterative numerical technique inspired by biology to find optimized solutions of non-analytical problems [14] . It is based on inheritance of 2 favorable properties of a valid solution (individual), which is fully described by a string of characters (genome). One iteration step consists of two parts: i) A set of individuals (generation) is evaluated with respect to its capability to solve the posed problem. The evaluation is realized by a fitness function which assigns a real number (fitness parameter) to each individual thereby creating a ranking of solutions within a generation. ii) The genome of the fittest individuals of a generation (parents) is used as source for the next generation, assembling new genomes via small random changes of parent genomes (mutation) or the combination of two parent genomes to generate a child genome (crossing).
Here we adapted our EA based on finite difference time domain (FDTD) simulations combined with a Matlab code [10] to find planar optical antennas for which the near-field localization and intensity enhancement is optimized at r 0 , the very center of the antenna. Accordingly, the fitness parameter was chosen to be the near field intensity enhancement
2 , normalized to the illumination intensity without antenna. ing to later experimental conditions (see Fig. 1(a) ). The high transparency and the good conductivity of the substrate are ideal for ion beam milling, SEM imaging, as well as optical characterization. The genome is a two dimensional square matrix with binary entries (see Fig. 1(b) ). Each '1' denotes a cylindrical hole which approximates the structural primitive of FIB fabrication. As the antenna center is meant to be the area of maximum NFIE, the matrix center is always set to '1'. Figure 1(c) illustrates, how the topology of possible hole arrangements is converted to a realistic geometry that can be fabricated by FIB milling: adjacent holes are connected, leading to geometries as the one sketched in Fig. 1(d) . A test pattern was devised (see Supplementary Fig. 1 ) to identify the parameters for the hole radius r h and center-to-center hole distance d h which result in reproducible patterns when FIB milling a 30 nm thick single crystalline gold flake [15] .
The evolutionary algorithm was run using a 11×11 square array with r h = 11 nm and d h = 30 nm. In the simulations the antenna is excited using a Gaussian focus (NA = 1.4;
λ exc = 830 nm) at normal incidence, centered onto the structure. The resulting overall antenna area of 330 nm×330 nm fits the FWHM of the Gaussian focus of ≈ 390 nm. originates from lower combined radiative and ohmic losses [3] , the far-field coupling of the FEA is reduced in comparison to the reference antenna. Nevertheless, the FEA exhibits an 1.7-fold higher near-field intensity enhancement in the antenna center, which further highlights its improved energy concentration mechanism.
The asymmetry of the FEA geometry originates from the still too coarse discretization provided by the antennas primitive elements: changing antenna dimensions in steps of 30 nm results in large shifts of resonance frequency making it difficult to perfectly match the optimization frequency with a symmetric geometry. The importance of individual FEA building blocks for the obtained NFIE can be assessed using a toggle plot (Fig. 2(c) , which visualizes the relative fitness change of 120 antenna structures with a single pixel switched from '0' → '1' or vice versa with respect to the FEA. The toggle plot clearly demonstrates that the pixels close to the center play the most important role for the antenna performance.
Some green areas indicate that the FEA structure does not correspond to the absolute global maximum in the configuration space of the EA and a slight increase of near field intensity enhancement up to 3 % can be achieved by switching single elements in the periphery (see also Supplementary Fig. 2 and 3) .
To understand the working principle of the FEA we analyze the NFIE distribution (color coded in Fig. 2(d) and a temporal snapshot of the current pattern (white lines and arrows).
The near field intensity at the optimization point (marked with circle) yields a 1100-fold normalized enhancement which is nearly fully x-polarized. The current pattern suggests an accumulation of charges at positions close to the optimization point within the antenna even in the absence of tip-like structures. Only the kink of the L-shaped central void contributes to the enhancement by means of the lightning rod effect, similar as in bow-tie antenna geometries [16] .
The FEA current pattern can be described by a constructive superposition of two fundamental modes [10] (see Fig. 2 (e)): (i) dipolar antenna currents comparable to the lowest order bonding-mode current pattern of linear two-wire antennas [3] with the well-known benefits of good far-field coupling as well as accumulation of opposite charges at either side of the gap as well as; (ii) the current pattern of fundamental split-ring like modes [17] above and below the gap, leading to additional charge accumulations at the center and resulting in a larger NFIE as for a plain dipolar antenna. A similar concept has been used to numerically optimize tips for scanning near-field optical microscopy [18] .
Experiment
The FEA as well as five antenna structures from earlier generations showing a decreasing fitness were fabricated by means of focused ion beam milling of a single-crystalline gold flake [15] (see Fig. 3(a) and methods for details). To evaluate the reproducibility, each structure was fabricated six to eight times in a row, the first row denoted #1 containing the FEA.
The thickness of the structures after focused ion beam milling was measured by AFM to be 28 ± 2 nm closely matching the intended 30 nm (see Supplementary Fig. 4 ). To account for the small deviation in thickness all geometries were re-simulated with decreased thickness (see Supplementary Fig. 5 ) of 28 nm resulting in a slightly reduced fitness for all geometries, while preserving the hierarchy of relative fitnesses, except for a slight increase for structure #5.
Two-photon-photo-luminescence (TPPL) is used to experimentally probe the relative change of near-field intensity enhancement of the fabricated antenna structures [19] . In good approximation the intensity I TPPL of the TPPL signal is proportional to the integral of the forth power of the electrical field E within the volume of the antenna V ant [20] :
Equation (1) (1)) for 28 nm thick antennas are plotted, each also normalized to the respective value of the FEA. There is good agreement for the relative changes of measured TPPL signal, simulated fitness and simulated TPPL signal. The trend of increasing error bars with increasing fitness can be explained by the influence of different hole sizes due to fabrication inaccuracies. The NFIE of the antennas depends heavily on the central area geometry due to the capacitive coupling across the width of the center gap (see Supplementary Fig. 6 ).
For the two antennas with lowest fitness the measured normalized count rates are consistently higher than the simulated relative signal strengths. This maybe due to different 8 effects: i) the simulated broadband spectra (see Supplementary Fig. 7 ) show an additional small resonance peak at about λ = 670 nm for those two geometries, which will lead to an enhancement of the TPPL signal compared to the other antennas [21] . ii) antennas #5 and #6 do not show a single central peak in the TPPL map. This most probably originates in the existence of multiple or higher order modes [19] , not included in the simulations with the excitation focus being fixed in the very center of their geometries. Both effects were not considered.
CONCLUSIONS
We established an evolutionary algorithm describing realistic planar optical antenna geometries with feature sizes of ≈ 22 nm that can be directly printed via FIB milling. The fittest antenna resulting from an optimization of near field intensity enhancement is a rather compact, yet complex geometry which exhibits a surprisingly clean Lorentian resonance.
The responsible mode can be described by a superposition of a dipolar antenna resonance For the dielectric function of gold an analytical model was used [22, 23] , while the optical index for glass and ITO where set to n = 1.4 and n = 2 respectively. The fitness parameter I x was normalized to the maximum field intensity of the Gaussian excitation without antenna but in presence of the substrate.
Evolutionary Optimization A MatLab script generates the binary matrices representing the individuals and converts them into rounded geometries within the FDTD solver according to topological rules (see Fig. 1 ). One generation of the evolutionary algorithm consists of 30 individuals and to obtain the best antenna structure a run of 60 generations has been per-9 formed (e.g. see Supplementary Fig. 3 ). The first generation consisted of random structures with a filling factor of 0.7. The antennas were ranked according to their fitness and the best eight structures were taken as parents of the subsequent generation (more details about the mechanism of the EA can be found in [10] as well as in the supplementary material). Three methods were employed to create the next 30 individuals: mutation (creation of random structures), as well as linear and spiral genome crossing (see Supplementary Fig. 2 bottom) .
To optimize the performance of the algorithm, each simulation was terminated after 35 fs 
